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(54) Process for forming a conductive structure 

(57) A process for forming a semiconductor device 
has been developed that reduces the likelihood of form- 
ing voids within conductive layers. A seed film (34) is 
formed over a substrate, wherein a portion of the seed 
film (34) is oxidized. The portion of the seed film is 



reduced to form a recovered seed film (74). A conduc- 
tive film (76) is formed over the seed film (74). The proc- 
ess is particularly well suited for use in semiconductor 
devices having openings with high aspect ratios. 
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Description 

Field of the Invention 

[0001 ] The invention relates in general to processes s 
for forming semiconductor devices, and more particu- 
larly, to processes for forming semiconductor devices 
having interconnects. 

Related Art w 

[0002] Semiconductor devices continue to be 
shrunk to smaller dimensions. The aspect ratio of open- 
ings is becoming large compared to older devices. FIG. 
1 illustrates a semiconductor device substrate 10, field 15 
isolation regions 12, and doped regions 14. Overlying a 
portion of the substrate 10 and the doped regions 14 
are a gate dielectric layer 16 and a gate electrode 18. In 
forming the contact to one of the doped regions 14, an 
interlevei dielectric (ILD) layer 11 is formed and a dual 20 
inlaid opening is then formed that extends through the 
ILD layer 1 1 . The dual inlaid opening includes a via por- 
tion and an interconnect trench portion. The length of 
the via portion (along the walls) is at least as large as its 
width. 25 
[0003] Conductive layer 13 is formed over the ILD 
layer 1 1 and within the dual inlaid opening. The conduc- 
tive layer 13 is formed by sequentially depositing con- 
ductive films. A baffler film 132, such as tantalum or a 
tantalum-containing material, and a copper seed film 30 
1 34 are formed over the ILD layer 1 1 and within the dual 
inlaid opening. The films are formed using ionized metal 
plasma physical vapor deposition (IMP PVD). FIG. 2 
includes an enlarged illustration of the films within the 
dual inlaid opening immediately after formation. 35 
Although the baffler film 132 is deposited substantially 
confbrmally, the copper seed film is nonconformal. On 
flat exposed surfaces, the copper seed film 134 has a 
thickness of approximately 100-200 nanometers. At 
approximately ten percent step coverage, the thickness 40 
of the copper seed film 134 near the bottom of the open- 
ing may be only 10 nanometers. 
[0004] After formation of the copper seed film, the 
substrate 10 is subsequently removed from the IMP 
PVD system and exposed to an oxidizing environment, 45 
such as air. The deposited copper seed film 134 is con- 
vened to a partially oxidized copper seed film 34 as 
shown in FIG. 3. The oxidized seed film 34 includes a 
residual unoxidized copper portion 342 and an oxidized 
copper portion 344. Typically, the oxidized portion 344 is so 
in the form of cuprous oxide (Cu 2 0), although cupric 
oxide (CuO) could additionally or alternatively be 
formed. The oxidized portion 344 is substantially uni- 
form in its thickness that is typically approximately 5-10 
nanometers depending on the length and conditions of 55 
the oxidizing exposure. Each of longer exposure, higher 
temperature, and more corrosive ambient converts 
more of the copper to the oxidized copper portion 344. 
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As can be seen in FIG. 3, the thickness of the residual 
copper portion 342 gets very thin near the bottom and, 
at some locations, is discontinuous. 
[0005] * The copper seed layer must be activated 
prior to plating. Copper can plate onto copper (not oxi- 
dized) but in the presence of copper oxides it will not 
plate adherent copper deposits. The substrate 10 is 
placed into a plater having a plating solution. The sub- 
strate is allowed to dwell before plating starts. By dwell, 
it is meant that the substrate is in contact with the plat- 
ing bath without any external potential applied to the 
plating solution. The plating bath typically contains 
cupric sulfate, sulfuric acid, and chloride ions. The bath 
is highly acidic and typically has a pH of less than one. 
The solution removes the oxide portion 344 of the cop- 
per seed film 34. During this processing step, in addition 
to removing the oxides portions 344, portions of the 
residual copper portion 342 are converted to Cu 2+ ions 
and are also removed. A discontinuous seed film 34 
now exists. 

[0006] Plating is performed to form the plated cop- 
per film 136 as shown in FIG. 1. However, because 
some of the copper seed film has been removed near 
the bottom of the opening, a void 138 is formed during 
plating. This voiding can result in reliability problems, 
cause electrical opens, or result in the formation of 
highly resistive contacts. Other chemicals are typically 
present in the plating bath, such as brighteners and lev- 
elers. However, their presence does not appear to sig- 
nificantly change the void formation 138 as shown in 
FIG. 1. 

Brief Descri ption of the Drawings 

[0007] The present invention is illustrated by way of 
example and not limitation in the accompanying figures, 
in which like references indicate similar elements, and in 
which: 

FIG. 1 includes an illustration of a cross-sectional 
view of a portion of a semiconductor device illustrat- 
ing a void within a conductive layer (prior art); 
FIG. 2 includes an illustration of the substrate of 
FIG. 1 immediately after formation of the seed film 
(prior art); 

FIG. 3 includes an illustration of the seed film 
shown in FIG. 2 after the seed film has been par- 
tially oxidized (prior art); 

FIG. 4 includes an illustration of a portion of a sem- 
iconductor device substrate after forming a copper 
seed film within a dual inlaid opening; 
FIG. 5 includes an illustration of a cross-sectional 
view of a portion of a recovery bath used in accord- 
ance with an embodiment of the present invention; 
FIG. 6 includes a plot of potential versus time illus- 
trating the reactions occurring within the recovery 
bath. 

FIG. 7 includes an illustration of a portion of the 
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substrate of FIG. 4 after plating a copper film over 
the recovered seed film; 

FIG. 8 includes an illustration of a cross-sectional 
view of the substrate of FIG. 7 after polishing the 
portions of the conductive layer to form an irrtercon- 5 
nect; and 

FIG. 9 includes an illustration of a cross-sectional 
view of the substrate of FIG. 8 after forming a sub- 
stantially completed device. 

w 

[0008J Skilled artisans appreciate that elements in 
the figures are illustrated for simplicity and clarity and 
have not necessarily been drawn to scale. For example, 
the dimensions of some of the elements in the figures 
may be exaggerated relative to other elements to help is 
to improve understanding of embodiments of the 
present invention. 

Detailed Description 

20 

[0009] A process for forming a semiconductor 
device has been developed that reduces the likelihood 
of forming voids within conductive layers. A seed film is 
formed over a substrate, wherein a portion of the seed 
film is oxidized. The portion of the seed film is reduced 25 
to form a recovered seed film. A conductive film is 
formed over the seed film. The process is particularly 
well suited for use in semiconductor devices having 
openings with high aspect ratios. The present invention 
is defined in the claims and is better understood after 30 
reading the embodiments that are described herein. 
[001 0] FIG. 4 includes an illustration of a cross-sec- 
tional view of a portion of a semiconductor device sub- 
strate 10. As used in this specification, a semiconductor 
device substrate includes a monocrystalline semicon- 35 
ductor wafer, a semiconductor-on-insulator wafer, or 
any other substrate used to form semiconductor 
devices. The device also includes field isolation regions 
12, doped regions 14, a gate dielectric layer 16, a gate 
electrode 18, and an ILD layer 11. A dual inlaid opening 40 
is formed within the ILD layer 11. Although not shown, 
ILD layer 1 1 typically includes a plurality of films which 
aid in the formation of the dual inlaid opening. The dual 
inlaid opening includes an interconnect portion and a 
via portion. For the via portion, the height of its walls are 45 
at least two times greater than its width at the bottom of 
the opening. 

[001 1 ] A barrier film 1 32 is then formed over the ILD 
layer 1 1 and within the dual inlaid opening. The barrier 
film 1 32 includes any one or more of the following tanta- 50 
lum, titanium, molybdenum, cobalt nitrides of those 
materials, or the like. In one particular embodiment, the 
barrier film 132 is a tantalum film having a thickness in a 
range of approximately 20 to 50 nanometers. A copper 
seed film is then formed by IMP PVD (or alternatively by 55 
hollow cathode magnatron (HCM) or collimated PVD) 
and is subsequently exposed to air to form the oxidized 
seed film 34 having a residual unoxidized portion and 
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an oxidized portion similar to film shown in FIG. 3. The 
seed film 34 is typically in a range of 50 to 300 nanom- 
eters thick on the flat, exposed, uppermost surface of 
the ILD layer 1 1 . Unlike the barrier layer 132 that is sub- 
stantially conformal, the seed film 34 is very non-confor- 
mal within the opening. Within the dual inlaid opening, 
the seed film 134 may have a reduced thickness in a 
range of approximately 5 to 30 nanometers near the 
bottom of the opening near doped region 14. In aggres- 
sively scaled devices, this thickness is no more than 
approximately 10 nanometers. The oxidized portion is 
typically Cu 2 0 but may include CuO, too. The oxidized 
portion typically has a thickness in a range of approxi- 
mately 4-10 nanometers. The residual unoxidized cop- 
per portion may be discontinuous near the bottom of the 
dual inlaid opening. The processing up to this point in 
the process is conventional. 

[001 2] The substrate 1 0 is then placed into a recov- 
ery bath to convert the oxide portion back to copper 
without significantly removing any copper within the 
seed film. 34. Simply put, the seed film 34 is being 
returned close to its state before air exposure (changing 
oxidized seed film 34 closer to the deposited seed film 
134 as seen in FIG. 2). 

[001 3] FIG. 5 includes an illustration of a cross-sec- 
tional view of the recovery bath system 50. The system 
50 includes a chamber 51 with an outlet port 502. The 
system further includes a cup 52 that has an inlet port 
512 for receiving an electrolyte solution and a diffuser 
53 within the cup 52. An anode 54 lies between the cup 
52 and the diffuser 53. The system 50 further includes a 
head 55 that has a turn table 551 and clamp fingers 
552. Those clamp fingers 552 are the cathode contacts 
for the system 50 and are typically made of platinized 
titanium. Alternatively, a platinized niobium compound 
could be used for the fingers 552. 
[0014] In operation of the system 50, the electrolyte 
solution 59 flows in a filtration loop and enters the cup 
52 through an inlet port 512 and flows by the anode 54. 
The anode 54 includes a substantially inert material. As 
used in this specification, substantially inert means that 
the material of the anode does not significantly dissolve 
into the solution as ions. Therefore, the electrolyte solu- 
tion has no more than approximately one part per mil- 
lion of the anode material in ionic form within the 
solution. In this particular embodiment, the anode 54 
includes platinum, niobium, platinum or niobium-con- 
taining material, combinations thereof, or the like. The 
electrolyte solution 59 flows through the diffuser 53 to 
reach the substrate 10. The electrolyte solution 59 
eventually flows over the sides of the cup 52, down 
between the walls of the cup 52 and the chamber 51 , 
and through the outlet port 502. In this particular 
embodiment, the recovery bath system is not plating but 
is used to reduce the copper oxide to copper without 
plating any additional materials onto the substrate. It is 
recovering the copper that would otherwise be removed 
during the "dwell" before plating. 
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[0015] The material used in the electrolyte solution 
59 should not corrode the seed film. The electrolyte 
solution 59 includes cations and anions of an electrolyte 
material. Typically, the cations include sodium, potas- 
sium, aluminum, ammonium, or the like. The anions 5 
include fluoride, carbonate, bicarbonate, sulfate, phos- 
phite, phosphate, borate, citrate, or the like. The actual 
material chosen can be selected based on perform- 
ance, contamination concerns, safety, or the like. For 
example, if metallic contamination is a concern, ammo- 10 
nium sulfate or a quaternary ammonium salt (e.g M 
tetramethyl ammonium sulfate, tetraethyl ammonium 
sulfate, etc.) can be used. In one specific embodiment, 
sodium bicarbonate (NaHC0 3 ) is used (sodium cations 
and bicarbonate anions). 1S 
[001 6] The concentration of the material in the elec- 
trolyte solution is in a range of approximately 0.05-1.00 
molar. In one embodiment, the concentration is approx- 
imately 0.1 molar. The pH of the electrolyte solution 59 
is at least approximately 5 and more typically is in range 20 
of approximately 6-8. Although no upper limit is known, 
if the pH is too high, the copper from the residual portion 
may possibly be tarnished or oxidized due to the 
aggressive pH conditions. 

[0017] The recovery bath is operated at a current 25 
density in a range of approximately 0.05-5.00 milliam- 
peres per square centimeter. At higher current densi- 
ties, the reduction of the oxidized portion of the seed 
film 34 is too fast to be reproducibly controlled. At lower 
current densities, there is an increased risk of eroding 30 
the seed film 34. The recovery time is usually less than 
a minute and more typically is in a range of approxi- 
mately 5-20 seconds. During the recovery operation, 
the substrate is typically the cathode and is at a nega- 
tive potential relative to the anode 54. A current density 35 
of approximately 0.1 milliamperes per square centime- 
ter gives reasonably good control over the recovery 
operation length. 

[0018] During the reduction of the oxidized seed 
film 34, a few reduction reactions can occur as seen in 40 
FIG. 6. At a potential of approximately -0.4 volts Cu 2 0 is 
reduced to copper; at approximately - 0.6 volts CuO is 
reduced to copper; and at approximately -1.1 volts, 
hydrogen is evolved due to the oxidation of water. Typi- 
cally, the recovery process is continued until there is 45 
some hydrogen evolution. The time until hydrogen evo- 
lution occurs varies depending on current density. At a 
current density of 0.1 milliamperes per square centime- 
ter the time until hydrogen evolution is approximately 15 
seconds. Due to safety reasons, the amount of hydro- so 
gen evolution should be kept low. Should the operation 
described become automated, detection end points 
similar to the conversions seen at the cuprous oxide and 
cupric oxide stages can be used to monitor the opera- 
tion. Extra time beyond reaching endpoint can be used 55 
to account for nonuniformities in the current density 
across the substrate and other parameters. 
[001 9] At the end of the recovery operation, the cur- 



rent is terminated. At least 50 percent, and usually 
more, of the oxidized portion is reduced to copper. As 
illustrated in FIG. 7, the recovered seed film 74 has 
been formed that has a thickness close to the seed film 
immediately after deposition. 

[0020] Following the recovery operation, the sub- 
strate is typically spray rinsed and then inserted into a 
copper plating system as quickly as possible. The rinse 
step is typically performed using deionized water. 
Although the substrate can remain wet during the trans- 
fer, alternatively it could be dried. Regardless of 
whether the substrate is dried, the time between rinsing 
and placing the substrate into the plating bath should be 
no more than approximately two minutes, and generally, 
should be less than one minute. The quick rinsing and 
transfer keeps the oxidation of the recovered seed film 
74 to a minimum. 

[0021] After the seed film recovery and rinsing has 
occurred, the substrate is placed into a conventional 
plating system, and an electroplated copper film 76 is 
then formed over the recovered seed film 74 to form the 
conductive layer 78 as illustrated in FIG. 7. There will be 
no or minimum dwell time before plating is started. Typ- 
ically, the only time lapse between placing the substrate 
into the plating bath and starting plating will only be 
enough to stabilize the operating conditions (turntable 
rotation rate, plating solution flow rate, etc.) in the plat- 
ing bath before the current is started. This time is typi- 
cally no more than one minute and usually is less than 
10 seconds. The current is then applied and plating 
begins. The film 76 is mostly copper although some 
impurities can lie within the film 76 (e.g. magnesium, 
indium, chromium, etc.) can be included to improve its 
properties as used in semiconductor devices. The plat- 
ing of the copper film 76 is conventional. 
[0022] A polishing step is used to remove portions 
of the films 76, 74, and 132 overlying the interlevel die- 
lectric level 11 to form interconnect 83 in FIG. 8. 
Processing continues to form the substantially com- 
pleted device as illustrated in FIG. 9. A capping layer 92 
is formed and typically includes a nitride material, such 
as silicon nitride. Subsequently, a passivation layer 94 is 
then formed over the capping layer 92. Although not 
illustrated, other electrical connections are made to the 
gate electrode 18 and the other doped region 14. Addi- 
tionally, if other levels of interconnects are needed, they 
are formed in a manner similar to those that have been 
described. 

[0023] The recovery and plating baths are types of 
reactors. Although the copper film 76 is electroplated, 
the recovered seed film 74 can be used when subse- 
quently selectively depositing a conductive film, whether 
electroplating or another formation process (e.g., chem- 
ical vapor deposition) is used. 
[0024] Embodiments of the present invention allow 
copper interconnects to be formed using electroplating 
with a reduced likelihood of void formation during cop- 
per plating. A plating system can be modified to have a 
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recovery bath and a plating bath on one tool (platform). 
This allows quicker transfer of the wafers from the 
recovery bath to the plating bath. This tool configuration 
minimizes the formation of oxides from the seed film 
before plating the electroplated film. 
[0025] The problem seen with the dwell time before 
electroplating, as used in the prior art, is overcome. 
While the dwell activates the seed film, it removes the 
oxide rather than reducing it. The seed film will be signif- 
icantly thinner when it is activated by dwelling as 
opposed to reducing. 

[0026] The processes described herein are advan- 
tageous in the scaling of semiconductor devices. As the 
dimensions shrink, the thickness of the seed film like- 
wise needs to be decreased. As the seed film thickness 
is decreased below 100 nanometers, the thickness of 
the seed film at the bottom of high aspect ratio openings 
likewise decreases. The likelihood of forming voids as 
seen in the prior art increases with scaling. The proc- 
esses previously described recover the copper from the 
oxidized portion of the seed film 34 allowing the forma- 
tion of the plated material within the opening without 
having to worry about the formation of voids. 
[0027] The process does not require the use of 
electroless metal deposition of the seed film. Electro- 
less metal depositions are more likely to incorporate 
unwanted impurities within the seed film. Therefore, the 
process described herein provides a better quality seed 
film. 

[0028] The process and apparatus used as 
described herein can be modified without using exotic 
materials or radical changes in existing equipment. The 
impact on cycle time is believed to be minimal as some 
type of activation step needs to be performed before 
plating. Yield increases as the likelihood of void forma- 
tion is reduced. 

[0029] In the foregoing specification, the invention 
has been described with reference to specific embodi- 
ments. However, one of ordinary skill in the art appreci- 
ates that various modifications and changes can be 
made without departing from the scope of the present 
invention as set forth in the claims below. Accordingly, 
the specification and figures are to be regarded in an 
illustrative rather than a restrictive sense, and all such 
modifications are intended to be included within the 
scope of present invention. 

[0030] Benefits, other advantages, and solutions to 
problems have been described above with regard to 
specific embodiments. However, the benefits, advan- 
tages, solutions to problems, and any element(s) that 
may cause any benefit, advantage, or solution to occur 
or become more pronounced are not to be construed as 
a critical, required, or essential feature or element of 
any or all the claims. As used herein, the terms "com- 
prises," "comprising," or any other variation thereof, are 
intended to cover a non-exclusive inclusion, such that a 
process, method, article, or apparatus that comprises a 
list of elements does not include only those elements 
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but may include other elements not expressly listed or 
inherent to such process, method, article, or apparatus. 

Claims 

1 . A process for forming a semiconductor device char- 
acterised by: 

forming a seed film (34) over a substrate (10), 
wherein a portion of the seed film (34) is oxi- 
dized; 

reducing the portion of the seed film (34); and 
forming a conductive film (76) over the seed 
film (34). 

2. The process of claim 1, further characterised by 
exposing the seed film (34) to air before the reduc- 
ing the portion of the seed film (34). 

3. The process of claim 1, further characterised by 
forming a patterned insulating layer (11) over the 
substrate (10) before forming the seed layer (34), 
wherein the patterned insulating layer (11) includes 
an opening; 

4. The process of claim 3, wherein: 

the opening has a height and a width; and 
the height divided by the width is at least 
approximately two. 

5. The process of claim 3, wherein: 

the opening is a dual inlaid opening that 
includes a via portion defined by a bottom and 
walls abutting the opening; 
the via portion has a height and a width; and 
the height divided by the width is at least 
approximately two. 

6. The process of claim 1 , further characterised by: 

rinsing the substrate (10) after reducing the 
portion of the seed film (34) and before forming 
the conductive film (76); and 
transferring the substrate (10) to a reactor for 
forming the conductive film (76), 
wherein no more than approximately two min- 
utes lapses between the end of rinsing the sub- 
strate (10) and forming the conductive film (76). 

7. The process of claim 1, wherein reducing the por- 
tion of the seed film comprises: 

placing the substrate (10) into a solution (59) 
within a bath (50), wherein the substrate (1 0) is 
at least part of a cathode of the bath (50); and 
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flowing current between an anode (54) and the 
cathode of the bath (50). 

8. The process of claim 7, wherein the solution (59) 
includes an electrolyte capable of ionizing into cati- s 
ons and anions, wherein: 

the cations are selected from a group consist- 
ing of sodium, potassium, aluminum, and 
ammonium ions; and 10 
the anions are selected from a group consisting 
of fluoride, carbonate, bicarbonate, sulfate, 
phosphite, phosphate, borate, and citrate. 

9. The process of claim 7, wherein the solution is 
includes an electrolyte selected from a group con- 
sisting of NaHC0 3 and Na 2 S0 4 . 

10. The process of claim 1, 2, 3, 4, 5. 6, 7, 8, or 9, 
wherein the seed film (34) includes copper. 20 
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